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Poultry meat is considered as one of the most common foods that cause foodborne infection and intoxication. The consumption of broiler meat and products thereof was implicated in 28 verified (3.7%) outbreaks in the EU during 2008, with Salmonella spp., especially S. enteritidis, being the causative agent (EFSA 2010) . The need of consumers to have a safe product with extended shelf life pushes the research towards this direction. Many chemical or physical decontamination treatments have been used or suggested such as chlorine, organic acids, phosphates, hydrogen peroxide, ozone, ultrahigh hydrostatic pressure, irradiation, pulsed-field electricity, ultrasonic energy, UV light, and others (Loretz et al. 2010) . However, consumers tend to prefer natural ways for improving the safety of poultry products and controlling undesirable microorganisms without altering their desirable characteristics. In this respect, biopreservation has gained increased attention as a means of naturally controlling the shelf life and safety of food products. This biopreservation approach refers to the extended storage life and enhanced safety of food using their natural or controlled microflora and their antibacterial products (Holzapfel et al. 1995) . These protective cultures are antagonistic cultures added to meat products to inhibit pathogens and/or prolong the shelf life, while changing the sensory properties as little as possible (Lucke 2000) . Lactic acid bacteria (LAB) constitute the most appropriate candidate for the application as protective cultures since they are present in all fermented foods, have a long history of safe use, and form part of the gut microflora of humans and animals (Maragkoudakis et al. 2009 ).
Biopreservation is based on microbial antagonism or microbial interference. This refers to the inhibition of undesirable or pathogenic microorganisms, caused by the competition for nutrients and by the production of antimicrobial metabolites such as organic acids, hydrogen peroxide, diacetyl, reuterin, bacteriocins, and other low molecular weight metabolites (Holzapfel 1995; Jay 1996) .
Over the last few decades, LAB have been extensively used for preserving fermented and cooked meat products and a variety of strains have been found to be effective against pathogens and spoilage organisms related to those products (Vermeiren et al. 2003; Kostrzynska & Bachard 2006; Leroy et al. 2006) . However, the investigation into biopreservation of fresh red meat is rather limited (Muthukumarasamy et al. 2003; Senne & Gilliland 2003; Laursen et al. 2005) and even scarcer into that of fresh poultry meat (Brashears et al. 1998; Maragkoudakis et al. 2009 ). To the best of our knowledge, stock cultures of LAB have been used to check their antagonistic action towards pathogens on raw poultry; on the contrary, LAB isolated from the natural microflora of the skin of poultry carcasses have not been used for the biopreservation of raw poultry products so far.
The objective of this study was to evaluate the antimicrobial potential of seven selected strains of lactic acid bacteria isolated from poultry carcasses using the double layer inhibition method described by Sakaridis et al. (2012) . During their isolation, these strains showed an initial antagonistic activity against pathogenic bacteria like Salmonella spp. and Listeria monocytogenes that were also isolated from poultry carcasses in previous studies (Sakaridis et al. 2011a,b) . However, it was a challenge to investigate their antagonistic activity against Salmonella spp. and Listeria monocytogenes in vivo and to evaluate their potential for practical application. This interaction will take place on three different media; in broths, on chicken skin, and on chicken meat.
MATERIAL AND METHODS
Preparation of pathogens and lactic acid bacteria cultures. A cocktail of six strains of Salmonella (S. blockley, S. paratyphi B, S. bredeney, S. neftenbach, S. hadar, and S. thompson) and another cocktail of six strains of Listeria monocytogenes were used. Both Salmonella and Listeria monocytogenes strains were isolated from poultry carcasses in previous studies (Sakaridis et al. 2011a,b) . These strains were cultivated at 37°C for 48 h in Brain-Heart Infusion (BHI) broth (Merck KGaA, Darmstadt, Germany) before being diluted to previously determined concentrations (10 6 CFU/ml). A 2 ml volume of each culture was pooled to provide the two cocktails.
Lactic acid bacteria isolated from poultry carcasses in a previous study (Sakaridis et al. 2012) that exhibited antibacterial activity using the double layer inhibition method against these strains of Salmonella spp. and Listeria monocytogenes were also selected. These seven strains were found to belong to the species of Lactobacillus johnsonii (LAB 5), Lactobacillus salivarius (LAB 40 and 59), Lactobacillus paralimentarius (LAB 51), Lactobacillus reuteri (LAB 74), and Pediococcus acidilactici (LAB 7 and 48). For each experiment, they were cultivated at 20°C for 72 h in MRS broth (Merck KGaA, Darmstadt, Germany) before being diluted to previously determined concentrations (10 8 CFU/ml). Fresh BHI cultures of Salmonella spp. and Listeria monocytogenes isolates and fresh MRS cultures of lactic acid bacteria were prepared the day before each experiment.
Antagonistic activity in broths. For evaluating the antagonistic activity of the LAB strains, 1 ml of each LAB culture (10 8 CFU/ml) and 1 ml of the pathogens cultures (10 6 CFU/ml) were added to 8 ml of sterile BHI broth so as to make their final concentrations 10 7 CFU/ml and 10 5 CFU/ml, respectively. One ml of LAB culture, Salmonella spp. culture, and Listeria monocytogenes culture were also added to 9 ml of BHI broth to monitor their populations during the experiment. All samples were kept at 7°C and were subjected to microbial analysis on days 0, 1, 2, 3, 4, and 5.
Antagonistic activity on chicken skin. Breast skin samples (of approximately 40 cm 2 ) from poultry carcasses straight after the slaughtering process were collected and placed on sterile Petri dishes. The samples were transported to the laboratory within an hour after collection in coolers with ice and were processed immediately. Each skin sample was cut using a sterile knife into four pieces of 10 cm 2 and sanitised by exposure to a germicidal UV light G30T8 254 nm (Philips Ultra Violet, Amsterdam, the Netherlands), at a distance of 40-45 cm for 15 min for one side and another 15 min for the other side of the skin. The UV lamp was turned on 1 h prior to each experiment. 0.1 ml of the LAB culture (10 8 CFU/ml) with the best inhibitory activity found from the broth experiment and 0.1 ml of Salmonella (10 6 CFU/ml) and/or Listeria monocytogenes culture (10 6 CFU/ml) were placed on the geometrical centre and spread thoroughly on the surface of each skin sample, the final concentrations being 10 6 CFU/cm 2 for the LAB and 10 4 CFU/cm 2 for the pathogens. Skin samples inoculated only with the LAB strain, or Salmonella, or Listeria monocytogenes were also prepared simultaneously with those that were kept intact. UV treated skin samples were also analysed to evaluate the effectiveness of the UV treatment. All samples were kept at 7°C and were subjected to microbial analysis on days 0, 1, 2, 3, 4, 5, and 6.
Antagonistic activity on chicken meat. Breast meat samples from poultry carcasses right after the slaughtering process were collected and placed on sterile stomacher bags. The samples were transported to the laboratory within an hour after collection in coolers with ice and were processed immediately. Breast meat was aseptically cut into pieces of 10 cm 2 and 5 mm depth using a sterile knife and cutting board. 0.1 ml of the LAB culture (10 8 CFU/ml) with the best inhibitory activity found from the previous experiment and 0.1 ml of Salmonella (10 6 CFU/ml) and/or Listeria monocytogenes culture (10 6 CFU/ml) were placed on the geometrical centre and spread thoroughly on the surface of each meat sample, the final concentrations being 10 6 CFU/cm 2 for the LAB and 10 4 CFU/cm 2 for the pathogens. Meat samples inoculated only with the LAB strain, or Salmonella, or Listeria monocytogenes were also prepared simultaneously with those that were kept intact. All samples were kept at 7°C and were subjected to microbial analysis on days 0, 1, 2, 3, 4, 5, and 6.
Microbial analyses. For all experiments, the samples were diluted using sterile peptone (0.1%) dilution blanks and plated using the spread plate technique. The initial dilutions for the chicken skin and meat samples were prepared by adding diluent to each sample to prepare the 1:10 dilution and were blended for 1 min in a laboratory blender Stomacher 400 (Seward Medical, London, UK). Appropriate additional decimal dilutions in sterile peptone water (0.1%) were plated in duplicates on the selective media to enumerate the inoculated microorganisms. XLD agar (Merck KGaA, Darmstadt, Germany) was used to enumerate Salmonella and the plates were incubated at 37°C for 48 hours. Agar Listeria Ottavani and Agosti medium (ALOA; Biolife, Milan, Italy) was used to enumerate Listeria monocytogenes; the plates of this medium were incubated at 37°C for 48 hours. Finally, MRS agar (Merck KGaA, Darmstadt, Germany) was used to enumerate lactic acid bacteria. The plates were kept at 30°C for 48 h under anaerobic conditions. The mean value of the two Petri dishes was taken into account and all experiments were carried out in triplicates.
Sensory evaluation. Sensory evaluation of the control and the samples inoculated with the LAB strains was conducted in the open laboratory. Odour and appearance of slime on the external surface of the chicken skin and meat were assessed.
Statistical analysis. For the statistical analysis and evaluation of the experimental data, both parametric and nonparametric statistical methods were applied. As all forms of parametric tests are based on the assumption that the within-groups data are samples drawn from normally distributed populations with equal variances, both formal tests (Shapiro-Wilk and Lilliefors tests) and graphical displays were performed for assessing the departures from normality, while the variances were tested for homogeneity using the Levene's test. For accessing the assumptions of normality and stability of variances, the data were also transformed to log e , log 10 , or sqrt (Zolman 1993) .
More particularly, in the case of normality and variances homogeneity, one way analysis of variance (Οne-way ANOVA) was performed, to evaluate possible significant effects of the treatment on the population of Listeria monocytogenes and of Salmonella spp. in BHI broths. The differences between the mean values of specific treatments and for specific days of storage were evaluated using the Duncan's new multiple range test. Where the assumptions about either variability or the form of the populations distribution were seriously violated, with or no transformed data, the Kruskal-Wallis nonparametric test was applied to evaluate the treatment depended differences, while the differences between the mean values of the specific treatments were evaluated using the nonparametric Wilcoxon rank sum test (Mann-Whitney U-test) .
Regarding the population of Listeria monocytogenes and of Salmonella spp. on chicken meat and on chicken skin, t-test was used to evaluate the differences between the treatments in the case of normality, while the Wilcoxon rank sum nonparametric test was applied where the assumptions about the form of the populations distribution were seriously violated.
All analyses were conducted using the statistical software program SPSS for Windows v. 15.0. The significance was declared at P ≤ 0.05, unless otherwise noted.
RESULTS

Antagonistic activity in broths.
The seven selected strains of LAB (LAB 5 -Lactobacillus johnsonii, LAB 7 and 48 -Pediococcus acidilactici, LAB 40 and 59 -Lactobacillus salivarius, LAB 51 -Lactoba- cillus paralimentarius, and LAB 74 -Lactobacillus reuteri) were tested in broths for their antagonistic properties against the pool of Salmonella spp. and Listeria monocytogenes. All LAB isolates survived well in the broths at the temperature of 7°C and their population levels remained constant throughout the 5 days storage with or without the presence of the pathogens. The growth of the pathogens, however, was adversely affected by the presence of the LAB isolates. There was a statistically significant reduction (P ≤ 0.05) in Salmonella population (Salm) on the 5 th day that varied from 0.41 to 1.12 log CFU/ml (Salm + LAB 5: 5.97 log CFU/ml, Salm + LAB 7: 6.04 log CFU/ml, Salm + LAB 40: 5.85 log CFU/ml, Salm + LAB 48: 6.04 log CFU/ml, Salm + LAB 51: 6.07 log CFU/ml, Salm + LAB 59: 5.36 log CFU/ml, Salm + LAB 74: 6.04 log CFU/ml, Salmonella: 6.48 log CFU/ml) compared to the broth inoculated only with Salmonella spp. (Table 1 or Figure 1 ).The protective effect of the LAB isolates was also statistically significant (P ≤ 0.05) for Listeria monocytogenes (List) where the reduction of its population on the 5 th day varied from 0.77 to 1.48 log CFU/ml (List + LAB 5: 5.49 log CFU/ml, List + LAB 7: 5.39 log CFU/ml, List + LAB 40: 5.31 log CFU/ml, List + LAB 48: 5.41 log CFU/ml, List + LAB 51: 5.72 log CFU/ml, List + LAB 59: 5.01 log CFU/ml, List + LAB 74: 5.39 log CFU/ml, Listeria monocytogenes: 6.49 log CFU/ml) compared to the broth inoculated only with Listeria monocytogenes (Table 1  or Figure 1 . Growth of Salmonella spp. in the presence (LAB 5, 7, 40, 48, 51, 59, 74) or absence (Salmonella) of LAB in broths Figure 2 . Growth of Listeria monocytogenes in the presence (LAB 5, 7, 40, 48, 51, 59, 74) from the broths with Salmonella spp. and Listeria monocytogenes revealed that Lactobacillus salivarius (LAB 59) was the LAB isolate that exhibited the best inhibitory activity against both pathogens. Antagonistic activity on chicken skin. Based on the results from the broth experiments, Lactobacillus salivarius (LAB 59) was chosen to test its antagonistic action against Salmonella spp. and Listeria monocytogenes on chicken skin. Its population remained practically unchanged over the 6 days storage, as with the broth experiment. On the contrary, the pathogens were affected by the presence of Lactobacillus salivarius and on the 6 th day there was a statistically significant reduction (P ≤ 0.05) of 0.54 log CFU/cm 2 for Salmonella spp. and 0.71 log CFU/cm 2 for Listeria monocytogenes populations compared to the samples that were inoculated only with the pathogens (Table 2) . It is worth mentioning that the UV treatment of chicken skin was found to be effective as a means of reducing the microbial counts since Salmonella spp., Listeria monocytogene, and LAB were not detected. However, Salmonella spp. and Listeria monocytogenes were isolated from the chicken skin that was not UV treated at a population of 10 3 CFU/cm 2 , whereas LAB were isolated at a population of 10 5 CFU/cm 2 . Antagonistic activity on chicken meat. The results were similar to those obtained in the previous experiment on chicken skin, and on the 6 th day there was a significant reduction (P ≤ 0.05) of 0.51 log CFU/cm 2 for Salmonella spp. and 0.67 CFU/cm 2 for Listeria monocytogenes populations when inoculated together with Lactobacillus salivarius, compared to the samples that were inoculated only with the pathogens (Table 3) . Salmonella spp., Listeria monocytogenes and LAB were not detected on the chicken meat samples that were kept intact.
The sensory evaluation of chicken meat revealed that the high cells counts of the LAB inocula had no negative effect on the odour and slime appearance.
DISCUSSION
The results demonstrate the potential of 7 strains of lactic acid bacteria, and especially of Lactobacillus salivarius, to be used as protective cultures against Salmonella spp. and Listeria monocytogenes on chicken. Broth experiments along with those with chicken skin and meat were carried out and revealed differences in the effectiveness of the LAB strains against pathogens. A more pronounced effect was observed during the broth experiments. On the 5 th day of the experiment, the growth reduction of 1.12 log CFU/ml for Salmonella spp. and 1.48 log CFU/ml for Listeria monocytogenes was attributed to the presence of the most effective LAB strain, Lactobacillus salivarius. On chicken skin, the growth reduction on the 6 th day caused by the same LAB strain was lower and did not exceed, the 0.54 log CFU/cm 2 for Salmonella spp. and 0.71 CFU/cm 2 for Listeria monocytogenes. The reduction on chicken meat was slightly lower for both pathogens, while the differences between chicken skin and meat were not found statistically significant (P > 0.05). The properties of a broth medium can favour the antagonistic activity of the LAB strains and may explain their strong reducing effect on pathogens. This comes in accordance with the findings of Jones et al. (2008) who suggested that LAB behaviour in laboratory media may not necessarily be reproducible in the foods. Another explanation could be the higher inoculum level of both LAB and pathogens in broths compared to the chicken skin and meat.
The effectiveness of Lactobacillus salivarius against Salmonella spp. has been observed by several researchers (Garriga et al. 1998; Pascual et al. 1999; Zhang et al. 2007a,b) . In these studies, Lactobacillus salivarius was isolated from the crop and/or the ceca of chickens and afterwards was given to chickens as a bacterial culture with the feed. The antibacterial effect of L. salivarius was attributed to the production of lactic acid together with other acidic compounds like organic acids (Garriga et al. 1998) . Other researchers (Audisio & Apella 2006) found that L. salivarius, isolated from the crop of chickens, had a bactericidal effect on both Salmonella spp. and Listeria monocytogenes. The compound produced by L. salivarius which had this effect was showed to be different from organic acids and hydrogen peroxide and was considered to be a bacteriocin or a bacteriocin like substance.
In a similar study by Maragkoudakis et al. (2009) , stock cultures of LAB were applied as protective cultures to chicken meat. The growth reduction observed on day 7 was 1.2 log CFU/g for Salmonella spp. and 0.7 log CFU/g for Listeria monocytogenes. These values were higher than those in our study and this can be explained by several factors. Different strains of LAB were used for Salmonella spp. (L. fermentum) and Listeria monocytogenes (E. faecium), the initial inocula levels of LAB were higher (10 7 CFU/g), and the experiment took place in ground chicken meat.
In our study, no significant differences were found in the population levels of LAB strains during all three experiments. Their storage at 7°C for 5 or 6 days did not affect their populations and revealed that LAB reproduction was not necessary for the inhibition of pathogens. These findings come in accordance with the observations of Amezquita and Brashears (2002) and Ruby and Ingham (2009) who suggested that the inhibition can occur in the absence of LAB growth because of the continuous production of inhibitory metabolites by the LAB during storage.
The sensorial evaluation at the end of the storage showed that the inoculation of chicken meat with LAB did not affect its sensory properties. This may be attributed to the fact that the number of LAB remained practically stationary throughout the 6 day storage. Actually, the surface of the chicken meat that was inoculated with the strain of Lactobacillus salivarius was clear and with a pleasant odour, whereas on the surface of chicken meat that was kept intact a slight slime appearance had started to grow. Our observations seem to be in accordance with the findings of Brashears et al. (1998) where the inoculation of chicken meat with L. lactis exerted control on the growth of psychrotrophic spoilage organisms. Poultry meat usually spoils due to the growth of these psychrotrophic spoilage organisms (Barnes 1976) . Therefore, the application of L. salivarius to raw chicken meat may provide a useful means for inhibiting these organisms and extending the shelf life of the product.
The antagonistic activity of LAB isolated from chicken carcasses and mainly of L. salivarius against Salmonella spp. and Listeria monocytogenes was evaluated during this study. The presence of L. salivarius was found to affect significantly the growth of pathogens in broths, on chicken skin and meat. Its presence may not eliminate the population of pathogens, but along with other microbial hurdles and safety factors such as good hygiene practices may improve the microbiological safety of chicken products. Moreover, the sensorial evaluation proved that the addition of L. salivarius not only reduced the growth of pathogens but also inhibited the growth of slime on chicken meat and improved its overall appearance. The addition of substances to the chill tank of poultry in order to inhibit pathogens has been evaluated in several studies (Brashears et al. 1998) . Our suggestion would be the addition of L. salivarius as a concentrated culture to the chill tank, among other microbial hurdles that can be applied, in order to improve the safety and to extend the shelf life of chicken products.
